Compacted Na-bentonite, of which the major mineral is montmorillonite, is a candidate buffer material for the geological disposal of high-level radioactive waste. A potential alteration of the bentonite in a repository is the partial replacement of the exchangeable cations of Na However, the apparent diffusion coefficient of Ca 2+ and the activation energy for diffusion at the same dry density were independent of the ionic equivalent fraction of Ca 2+ ions. These findings suggest that unlike HTO, which can be postulated to diffuse mainly in pore water, Ca 2+ ion diffusion could occur predominantly in interlayer spaces, of which the basal spacing was determined to be constant by the XRD technique.
Introduction
In the Japanese strategy for geological disposal of high-level radioactive waste, buffer material is used to fill the voids between each carbon steel waste container (so-called "Overpack") and the host rock (JNC, 2000) . Since one important function of the buffer material is to retard the radionuclide transport from the waste form to the surrounding host rock after degradation of the overpack, the most promising candidate for the buffer material is compacted sodium bentonite (Na-bentonite). The major clay mineral in Na-bentonite is Na-montmorillonite, which has a high swelling property together with low hydraulic conductivity and low diffusivity of radionuclides (Pusch and Yong, 2006) . However, the large amount of cementitious materials used in waste repository tunnel construction could release Ca 2+ ions into the groundwater within the tunnel. These released Ca 2+ ions would be in contact with the buffer material, which could result in the alteration of the clay minerals, i.e., the exchange of Na + ions with Ca 2+ ions.
Therefore, the safety assessment of the geological disposal strategy should address the diffusion behavior of radionuclides not only for the compacted Na-bentonite but also for the altered bentonite of which part or all exchange cations are replaced with Ca 2+ ions. In addition, the degree and extent of the alteration in the repository should be predicted in the safety assessment. These predictions should be based on studies of the diffusivities of Ca 2+ ions in both the Na-bentonite and the altered bentonite. Although extensive studies have been performed for the diffusion of radionuclides in bentonite (Bourg et al., 2008 , Glaus et al., 2007 , Gonzalez-Sanchez et al., 2008 , Kozaki et al., 2008 , Melkior et al., 2009 , there are few studies on the diffusivities of Ca 2+ ions in compacted bentonite (Kozaki et al, 2001a ) and the effects of exchangeable cations on diffusion of radionuclides (Choi and Oscarson, 1996 , Kozaki et al., 1999a , 2005 The diffusion mechanism of Ca 2+ ions in compacted montmorillonite discussed in this paper is based on these experimental data.
Experimental
The montmorillonite used in this study was Kunipia-F, a commercial product of Kunimine Industries Co. Ltd., Japan. Homoionized Na-and Ca-montmorillonite were prepared by suspending the montmorillonite in fresh solutions of 1 M NaCl three times and 1 M CaCl 2 four times, respectively.
Excess salt was removed by rinsing the montmorillonite with distilled water through a dialysis tube.
The homoionized montmorillonite was dried in an oven at 378 K, mortared with a pestle, and then sieved to obtain a powder with aggregate sizes between 75 and 150 m. The Na-and Ca-montmorillonite mixtures were prepared by mixing the prescribed quantities of each sample. In this study the Na + /Ca 2+ ratio of exchangeable cations in the mixtures is expressed by the ionic equivalent fraction of Ca 2+ (-). The detailed procedure for preparation of homoionized montmorillonite was described in a previous paper (Kozaki et al., 2005) .
Water-saturation of montmorillonite was accomplished by compaction of the samples into 20 mm-inside-diameter acrylic resin cells at a dry density of 1.0 Mg m -3 , followed by exposure of the samples to distilled water through sintered stainless steel filters. The cell lengths were 20 mm for the diffusion experiments and 10 mm for the XRD measurements. The porosity of the compacted montmorillonite at the dry density was estimated to be 0.65 from partial density of the montmorillonite
There is a negligibly small difference in porosity between Na-and Ca-montmorillonite.
The basal spacing of the water-saturated, compacted montmorillonite samples was determined from XRD profiles measured from 3 to 8 degrees of 2θ using an X-ray diffraction apparatus (Mac Science MXP 3 ). Flat diffraction planes were obtained by sectioning the surface layer (a few mm in thickness) of the samples just before the measurements.
The apparent diffusion coefficients of HTO or 45 Ca 2+ ions in the water-saturated, compacted montmorillonite samples were determined from concentration profiles of the radiotracer in the samples obtained in the diffusion experiments by the one-dimensional, non-steady diffusion method (the so-called back-to-back diffusion method). Using this method, a small amount of HTO orradiotracer was spiked on one end of two compacted montmorillonite samples. The spiked ends of the two montmorillonite samples were placed together, as illustrated in Figure 1 . The radiotracer was allowed to diffuse in opposite directions from the junction of the spiked ends. The concentration profiles were obtained from the radioactivity measurements of 0.5-mm-thick montmorillonite slices that were sectioned from the montmorillonite samples after a prescribed period of time for diffusion.
The radioactivity measurements were carried out using a liquid scintillation counter (Aloka, LSC-5100). Diffusion experiments were conducted for montmorillonite samples with different ionic equivalent fractions of Ca 2+ at a constant temperature, which ranged from 288 to 323 K. The detailed procedures of XRD measurement and the diffusion experiment are described elsewhere (Kozaki et al., 1998) .
Results and discussion
Apparent diffusion coefficients were determined from the concentration profiles of radiotracers in montmorillonite by assuming each radiotracer to be an infinitely thin source, i.e., the concentration of the diffusing radiotracer, C (counts m -3 ), can be expressed by the following equation (Crank, 1975) :
where D a is the apparent diffusion coefficient of the radiotracer in the montmorillonite (m 2 s -1 ), t is the diffusion time (s), x is the distance from the montmorillonite surface on which the radiotracer was spiked (m), and M is the amount of the applied tracer source per unit area (counts m -2 ). Figure 2 ,
shows typical concentration profiles of HTO and Ca 2+ obtained in this study. The plots of ln C(x) as a function of x 2 for the HTO and 45 Ca 2+ radiotracers all had good linearity, suggesting that both radiotracers diffused under the condition of being an infinitely thin source as expressed by equation (1).
The apparent diffusion coefficients of HTO and 45 Ca 2+ obtained in this study are summarized in Tables   1 and 2 , respectively. The uncertainties of the apparent diffusion coefficients were evaluated to be less than 3 % by statistics with a confidence limit of 95% in all cases. Reproducibility of the apparent diffusion coefficient for HTO was evaluated in the previous paper in which the same diffusion experiment was repeated several times (Kozaki et al., 1999b) . For HTO in Na-montmorillonite at the dry density of 1.0 Mg m -3 , the average value of the apparent diffusion coefficients and the confidence interval calculated from 6 measurements with the confidence limit of 95% were 2.07±0.2510 -10 m 2 s -1 .
The apparent diffusion coefficient of HTO was found to increase slightly as the ionic equivalent fraction of Ca 2+ increased. This change in HTO diffusivity agrees with the experimental results described in a previous paper by Choi and Oscarson (1996) , in which a higher apparent diffusivity of HTO in Ca-bentonite than in Na-bentonite was reported. They also reported that a greater proportion of large pores in Ca-bentonite than in Na-bentonite was determined by Hg intrusion porosimetry, and concluded that higher diffusivity of HTO in Ca-bentonite can be attributed to the different microstructure of the compared bentonite. Considering high porosity of the montmorillonite (0.65 at dry density of 1.0 Mg m -3 ) and high diffusivity of HTO in the pore water, the same as that in free water, it can be supposed that HTO predominantly diffuses in the pore water at the dry density of 1.0 Mg m -3 . This can be supported by the fact that almost the same diffusion coefficients were reported for HTO and Cl -in Na-montmorillonite at this dry density (Kozaki et al, 2001b) . corresponding to the three-water-hydrate state of the basal spacing) was found when the exchangeable cations of Na + were replaced with Ca 2+ . On the other hand, specific surface areas determined by BET (N 2 gas) and EGME (ethyleneglycol-monoethylether) were reported to be 45 m 2 g -1 and 700 m 2 g -1 ,
respectively for Na-montmorillonite in a dry powder state, and 34 m 2 g -1 and 670 m 2 g -1 , respectively
for Ca-montmorillonite (Kozaki et al., 1999a) . The specific surface areas determined by the BET method have a clear difference between Na-and Ca-montmorillonite, whereas there is a small difference in the specific surface areas determined by the EGME method. The BET method measures only the surface area of montmorillonite aggregates, but the EGME method measures the whole surface area including the internal surfaces of the aggregates. Thus, the smaller specific surface area measured by the BET method for Ca-montmorillonite suggests a larger aggregate size in the Ca-montmorillonite than in the Na-montmorillonite. Since there is no difference in the basal spacing between Na-and Ca-montmorillonite, the difference of the aggregate size can be attributed to the number of unit layers making up the montmorillonite aggregate, as pointed out by Choi and Oscarson (1996) . That implies that the change in the apparent diffusion coefficient of HTO could be caused by the structural changes in the pore spaces rather than in the interlayer spaces where the basal spacing was found to remain constant. Table 2 , and the dependency of these values on the Ca 2+ ionic equivalent fractions is shown in Figure 4 , along with those of the activation energies for Na + diffusion (Kozaki et al., 2005) and Cs + diffusion (Kozaki et al., 1999a) . The activation energy for Ca 2+ diffusion is found to be independent of the ionic equivalent fractions of Ca 2+ , although the activation energies for Na + and Cs + diffusion vary as a function of the Ca 2+ ionic equivalent fraction. Since the activation energies in these studies were calculated from temperature dependence of the apparent diffusion coefficient, they can be affected not only by the predominant diffusion process but also by sorption enthalpy. For a montmorillonite suspension, the sorption enthalpy of Ca 2+ ions on Na-montmorillonite was reported to be +5.6 kJ eq -1 (Bolt, 1979) . If this constant value of the sorption enthalpy is included in the measured activation energy for Ca 2+ diffusion, the activation energy suggests that unlike for Na + and Cs + , there would be no change in the dominant diffusion process of Ca 2+ in montmorillonite even if the exchangeable cation of Na + ions in the montmorillonite is partially replaced with a Ca 2+ cation.
It can be postulated that there are three potential pathways for radionuclide diffusion in solution-saturated, compacted montmorillonite, i.e., pore water, external surfaces of montmorillonite aggregates, and internal surfaces (interlayer spaces) of the montmorillonite aggregates (Kozaki et al., 2008) . Pore water is the free water in the relatively large voids between the montmorillonite aggregates (interparticle space), and the external surface is the space on the montmorillonite aggregates where diffuse double layer water forms, whereas the internal surfaces is the space between montmorillonite sheets (TOT-layers).
In the case of Na-and Ca-montmorillonite mixture samples, Ca 2+ ions were reported to preferentially (compared with Na + ions) occupy sites in interlayer spaces of montmorillonite rather than on external surfaces (Dufey et al., 1976) . Therefore, for Na-and Ca-montmorillonite mixture samples, the degree of the contribution of each diffusion pathway to the total diffusivity of radionuclides could vary with the ionic equivalent fraction of Ca 2+ in the sample. For example, the dependency of the activation energy for Cs + diffusion on the ionic equivalent fraction of Ca 2+ (as indicated in Figure 5 ) was explained by assuming that the diffusion of Cs + in Ca-montmorillonite becomes predominant at the high ionic equivalent fractions of Ca 2+ (Kozaki et al., 1999a) . Similarly, the alterations of the predominant diffusion process among three diffusion pathways were proposed as a possible explanation for the changes in the activation energy for Na + diffusion as a function of the Ca 2+ ionic equivalent fraction (Kozaki et al., 2005) . In the case of Ca 2+ diffusion in Na-and Ca-montmorillonite mixtures, if Ca 2+ ions preferentially occupy the sites in interlayer spaces in Na-montmorillonite aggregates as previously reported, the 45 Ca 2+ radiotracers would preferentially diffuse in the interlayer spaces of Na-montmorillonite rather than in pore water and external surfaces of the aggregates, and would be accompanied by ion-exchange reactions between Na + and Ca 2+ . In Ca-montmorillonite, the 45 Ca 2+ radiotracer should migrate by self-diffusion, accompanied by isotopic dilution. Since almost all of the Ca 2+ ions are present in the interlayer spaces as exchangeable cations, the dominant diffusion pathway is expected to be the interlayer spaces, of which basal spacing was determined to be constant by the XRD technique. Therefore, it can be postulated that these diffusion processes could keep the activation energy constant even if the ionic equivalent fraction of Ca 2+ changed. If this is the case, the geometrical parameter of the diffusion pathway in the pores is not a matter of change in the apparent diffusion coefficient of Ca 2+ but of HTO, which would predominantly diffuse in the pore water.
Conclusions
For the safety assessment of the geological disposal of high-level radioactive waste, the degree and extent of the alteration of bentonite buffer caused by Ca 2+ ions should be studied together with diffusion behavior of radionuclides in the altered bentonite. In this study, the apparent diffusion coefficients of HTO and Ca 2+ ions were determined from non-steady, one-dimensional diffusion experiments using Na-and Ca-montmorillonite mixtures with different ionic equivalent fractions of Ca 2+ ions at a dry density of 1.0 Mg m -3 . The apparent diffusion coefficient of HTO increased slightly with an increase in the ionic equivalent fraction of Ca 2+ ions. However, the apparent diffusion coefficients of Ca 2+ ions at each temperature were almost the same at the range of the Ca 2+ ionic equivalent fraction from 0 to 1.0. In addition, the activation energy for the Ca 2+ diffusion was found to be independent of the ionic equivalent fraction of Ca
2+
. By assuming that a constant value of sorption enthalpy is included in the measured value of the activation energy for Ca 2+ diffusion, the activation energy suggests that there would be no change in the dominant diffusion process of Ca 2+ in montmorillonite even if the exchangeable cation of Na + ions in the montmorillonite is partially replaced with a Ca 2+ cation. If Ca 2+ ions preferentially occupy the sites in interlayer spaces in Na-montmorillonite aggregates, it is likely that, unlike for HTO which can be considered to diffuse in pore water, Ca 2+ ions could diffuse predominantly in interlayer spaces, the basal spacing of which was determined to be constant by the XRD technique. Kozaki et al., 1999b) . and the previous studies (Ca 2+ ionic equivalent fraction of 0, Kozaki et al., 2001a) . (Kozaki et al., 2005) and Cs + (Kozaki et al., 1999a) . Kozaki et al., 1999b , n is the number of data) Figure 5
